Abstract. Dynamic corrosion tests have been compared in a novel ternary molten salt containing LiNO3 between a dynamic reactor (using a mechanical stirrer) and a molten salt pilot plant (1 Ton of capacity). Results obtained showed a higher increase in corrosion rate in flow conditions compared with the conventional static conditions and the stirrer reactor.
INTRODUCTION
Inorganic molten salts have been widely used on Thermal Energy Storage (TES) in Concentrated Solar Power (CSP) technology and corrosion evaluation studies, at different conditions in the last years, trying to reduce the storage costs [1] [2] [3] .
On average, the projected cost for a CSP plant has dropped by about 9 ¢/kWh cents per kilowatt hour, from 21 ¢/kWh in 2010 to 12 ¢/kWh in 2015 and anticipated to reach 10 ¢/kWh in 2017 [4] . Past and future cost reductions of CSP are tied to improving system wide performance. Particularly, increasing the maximum operating temperature and thereby the thermal to electric conversion efficiency reduces the required capacity of the entire plant strongly influencing cost reduction. Steam turbines are the predominant power cycle for thermal to electric power conversion in current CSP plants. Their operating temperature is limited by the molten salt heat transfer fluid at 565ºC, resulting in a net design point efficiency of 42%.
One of the most important research lines is the study, design and characterization of the salts that are used as energy storage fluids in order to reduce the final cost on TES systems. In this direction, Chilean Atacama desert presents a great potential to be exploited in order to obtain new materials for Thermal Energy Storage (TES) applications. These raw materials are contained in solid deposits and brines in a vast salt flats called Salares, with grades that are profitable when large extractions are targeted. One of the properties that cause a higher impact on the materials selection applied to thermal energy storage is corrosion. This parameter has been broadly studied in literature and different environments and temperatures have been proposed in the solar thermal energy storage research field.
In recent years, the study and development of novel thermal energy storage materials have increased as well as the design of systems to evaluate the thermal stability and flowability of these molten salts in a larger volume. In this direction, the material selection for containers and piping involving molten salt, is one of the main important research lines to reduce the investment cost in CSP technology. Jonemann [5] proposed the use of a refractory material in the inner storage tank in direct contact with the salt. This configuration allows the use of inexpensive carbon steel as external container material but some issues regarding the mechanical stability of the alloy at high temperature must be solved.
There are different molten salt loops focused on nitrate molten salts research. The Molten Salt Test Loop (MSTL) at Sandia National Laboratory (USA) [50, 51] was the first concentrated solar power (CSP) power plant test facility that allowed to perform accelerated lifecycle tests of power plant size components in flowing nitrate molten salt. The MSTL was designed to provide three parallel test platforms for the performance and evaluation of concentrating solar collectors and power plant size components in flowing molten nitrate salt simulating solar power plant conditions.
In 2008, following its R+D strategy, Abengoa designed, built and tested a molten salts storage pilot plant of 8 MWh th . In this installation, all components lately used in commercial plants were successfully tested and optimized [8] .
A second molten salts storage pilot plant of 1 MWh th was designed, built and tested at the University of Lleida (Spain) in conjunction with Abengoa [9] . Fig. 1 shows an image of both pilot plants. The molten salt pilot plants have been usually built for developments focus on the evaluation of components that will be used in commercial plants. University of Lleida loop was the first to adapt its characteristics for research purposes, highlighting the key components to optimize as well as how research helps commercialization. FIGURE 1. Two-tank molten salt pilot plant; left Abengoa (Seville) and right University of Lleida (Lleida) [9] In 2010, CIEMAT (Spain) signed a turnkey contract to have an experimental plant for thermal storage using molten salts at its PSA (Plataforma Solar de Almeria) facilities [10] . This plant was designed to evaluate components, instrumentation and operation strategies and to give support to the industry in the qualification and evaluation of components. The selection of the materials for tanks, piping and other components was made while taking into account the potential corrosion due to the presence of salt and thermal cycling. In general, stainless steel was selected for zones where the salt temperature could exceed 400ºC, whereas the rest of pipes and tanks are made of carbon steel. It is important to note that these molten salt loop do not present a proper system to test the corrosion behavior inside the tank or pipe lines since it were focus on TES properties.
In the present study, different dynamic corrosion set ups have been proposed in order to simulate the real condition in CSP plants, a dynamic corrosion reactor with a mechanical stirrer as well as a set up integrated in a pilot plant pipeline. Both dynamic corrosion tests have been compared and tested at 390ºC in 316SS immersed in the ternary mixture composed by 30wt%LiNO 3 + 57wt%KNO 3 + 13wt%NaNO 3 during 1000h.
PROCEDURES
An autoclave of 4 L was employed to test the corrosion induced by the salts under dynamic conditions. An amount of 2.7 kg of the solid salt were charged on the autoclave (Figure 2, left) . Three coupons (2.5 x 1 mm including a hole) of the studied alloy (316 SS) were hanged on a rack specially designed to this experiment.
As seen in Figure 2 , right, all the specimens were placed concentrically to the mixer. With this configuration, the molten salt flowed over the specimens at the same speed.
Once the system was closed, the temperature was raised until 100 ºC to preheat the solid salt and remove the possible humidity contained on it. After that, the temperature was set up at 150 ºC for two hours to achieve the complete melting of the salt and then it was increased slowly until the testing temperature of 390 ºC was reached. The angular velocity of the mixer was 1250 rpm, which is equivalent to a lineal speed of 0.30 m/s. Steel coupons were recovered from the holder at these times, as well as a little amount of the salt to study the possible changes on the composition.
On the other hand, a pilot plant focused on dynamic corrosion tests, on thermal energy storage (TES) materials at commercial scale, has been designed and built at the University of Antofagasta. This facility was designed and equipped with many measuring devices to measure and analyse the thermal behaviour of all the systems tested. The versatility of this facility has allowed simulating real working conditions and therefore testing a LiNO 3 ternary molten salt system.
The pilot plant has a capacity about of 1 Ton of salts and is equipped with commercial components: vertical molten salt pump, heat tracing (trough pipe lines), valves, thermal insulation, as well as electrical heaters inside the tank. One of the main advantages of the Antofagasta Molten Salt Loop (AMSAL) is the integrated dynamic corrosion system, composed of 10 specimens testing integrated into the pipe line and able to study the corrosion ability on different steels and molten salt flow rates.
Considering the pipe diameter (1") and the volume of the storage tank (1 Ton), for 1000 hours corrosion test, the molten salt will be continuously refreshed inside the pipe, an important parameter to take into account due to the common test problems highlighted in the literature regarding the impurities influence and the changes in nitrate chemistry during this time. 
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RESULTS
Results showed an important increased in the corrosion rate, compared with the static corrosion test in the molten salt pilot plant setup. At 350h of test, pilot plant dynamic corrosion results showed a higher gravimetric weight gain compared with the static configuration (developed in parallel in a conventional furnace). This gravimetric curve represents the mass variation (taking into account the steel area immersed) versus exposure time. 
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On the other hand, dynamic reactor configuration presented a lower gravimetric values. In this case the dynamic configuration in a reactor, with lineal speed of 0.30 m/s, removed all the corrosion layer formed and the mass gain in the sample it is not representative at this time.
The following superficial image confirms the results obtained in the gravimetric curve for the dynamic reactor configuration. No corrosion products were detected at 350 hours of immersion in lithium ternary salt at 390ºC.
FIGURE 5. Superficial image of 316SS after 350h of immersion
The dynamic corrosion results obtained in the Antofagasta Molten Salt Loop (AMSAL) presented a more realistic behavior since samples are integrated in the pipeline. Figure 6 shows the coupon configuration as well as the 316SS sample before and after 350 hours of dynamic corrosion test. The molten salt pump has been controlled using a frequency variator and the estimated flow rate during the corrosion test was 0.46 m
FUTURE WORK
In order to minimise the handling of the sample, a new methodology (Dynamic Gravimetric Analysis, DGA) has been developed at University of Barcelona [11] . The samples are hung on a platinum wire and fully submerged into a glass beaker containing the chemical cleaning solution for 2 h, thus allowing the rust to be cleaned during this time.
The cleaning solution starts to attack the metal after removing all the metal oxide. This point is detected by a slope change in the mass loss vs. time registered. Therefore, the corroded layer is eroded by the cleaning solution avoiding the handling. The dissolution rate of the oxide is different from the dissolution rate of the metal base. Therefore, a change in the slope of the curve is expected that indicates the point at which all the oxide has been removed. This methodology will be carried out for a more accurate gravimetric corrosion characterization since weight gain is not totally correct due to the corrosion layers formed during the test are easily removed with the molten salt flow rate.
CONCLUSIONS
Dynamic corrosion evaluation is one of the most important issues to be studied and, at this time, the molten salt pilot plants are focus on perform accelerated lifecycle tests of size components in flowing molten nitrate salt. In the study case, the dynamic corrosion using two king of configurations have been compared in a novel LiNO 3 containing molten salt. The results confirmed that, for a proper dynamic corrosion test, the molten salt needs to be continuously refreshed inside the pipe, an important parameter to take into account due to the common test problems highlighted in the literature regarding the impurities influence and the changes in nitrate chemistry during this time.
